In this paper, non-ionic polyoxyethylene ether was used to modify the surface of poly(vinyl alcohol) (PVA) fibers and to improve their dispersion in cement mortar. The results showed that surface modification could apparently improve the dispersion of PVA fibers in cement mortar by weakening the original intermolecular hydrogen bonds between the adjacent hydroxyl groups on the surface of PVA fibers and increasing the formation of hydrogen bonds between PVA fibers and cement mortar. After modification, the advancing contact angle and the receding contact angle of the fibers were respectively reduced from 44.2° to 34.7° and from 38.8° to 33.1°, and the dispersion coefficient of the fibers was increased from 0.85 to 0.95. Owing to the improved interactions between modified PVA fibers and cement mortar and to the good dispersion of the fibers in the matrix, the fibers had a superior energy absorption capacity and showed a ductile fracture, leading to higher flexural strength, bending modulus and toughness of fiber-reinforced cementitious composites.
Introduction
In quasi-brittle cement-based materials such as concrete and mortar, fiber reinforcement is commonly used to improve the toughness and ductility of materials [1] , e.g. ductile fiber-reinforced cementitious composites (FRCCs), ultra-ductile engineered cementitious composites (ECCs) [2, 3] , etc. And the most used fibers are steel fiber [4, 5] , polyethylene fiber [6, 7] , polypropylene (PP) fiber [8] , carbon fiber [9] and poly(vinyl alcohol) (PVA) fiber [10] , among which PVA fiber is the cheapest, environmentally friendly and hydrophilic, and has good interfacial adhesion with cement as well as good resistance to the alkaline environment of the cement paste, making it attractive for current cement applications [1, [11] [12] [13] [14] .
Fiber diameter is the key factor that enhances the effect of fiber on cement. Li and Leung [15] indicated that fibers with a smaller diameter made it easier to achieve steady-state cracking, requiring only a smaller fibervolume fraction. So, theoretically, PVA fiber with < 30 μm diameter has a greater potential to make FRCCs achieve steady-state cracking than other fibers. However, PVA is a multi-hydroxyl polymer; PVA fibers with a very small diameter have very strong hydrogen bonds on the surface owing to their large specific surface area, making the hydrogen bonds between the PVA fibers much stronger than those between PVA fiber and cement, resulting in the easier aggregation of PVA fibers in cement and limiting their enhancement on cement. Therefore, weakening the hydrogen bonds among PVA fibers and increasing their interactions with cement are vital to improve fiber dispersion in cement and obtain high-performance FRCCs.
Fiber dispersion depends on many factors, such as the mixing process, water/cement ratio, dosage of the fiber, aspect ratio of the fiber, surface properties of the fiber, composition of the cement, etc. The surface structure of the fiber becomes vital when other conditions are fixed. In order to obtain a fiber with a suitable surface structure, surface modification is usually adopted. Han et al. [16] used methylcellulose and a water-reducing dispersant to improve the dispersion of carbon fiber in the mortar. Peled et al. [17] used a non-ionic detergent (Triton X100) to treat PP fiber and improve the bonding between the PP fiber and the cement matrix. Li et al. [18] and Redon et al. [19] used an oiling agent to coat PVA fiber to tailor the interfacial properties between the fiber and the matrix, thus obtaining a composite with strain-hardening performance.
PVA is a non-ionic polymer, so a non-ionic surfactant with strong surface activity should be an ideal modifier for PVA fiber. In this paper, a kind of non-ionic surfactant with both hydrophilic and hydrophobic groups was used to change the surface activity of PVA fibers by forming new hydrogen bonds with some hydroxyl groups of PVA, thus weakening the intermolecular hydrogen bonds among the PVA fibers and reducing their aggregation and, consequently, improving their dispersion in cement mortar. The effect of the surface modifier on the surface structure of PVA fiber was analyzed by nuclear magnetic resonance (NMR), Fourier transform infrared (FTIR) spectroscopy, as well as by fiber contact angle measurement. The dispersion of PVA fibers in cement mortar and the mechanical properties including flexural strength, bending modulus and toughness of FRCCs were also tested.
Materials and methods

Materials
PVA fiber (commercial grade, China; degree of polymerization, 1750; hydrolysis degree, 99%; fiber length, 12 mm; fiber diameter, 18 μm) was used as the reinforcing fiber. Non-ionic polyoxyethylene ether [R-(OCH 2 CH 2 ) n -OH, R = alkyl; Kelong Chemical Reagents Co., Ltd, Chengdu, China] was used as the surface modifier for the PVA fiber. A local Portland cement (Wangyang Jianbao Cement Company, Sichuan, China), river sand (diameter < 2 mm) and tap water were used as the major ingredients in the matrix.
Sample preparation
The modified PVA fibers were obtained by immersing 100 g of fibers in 1 l of 10 wt.% polyoxyethylene ether solution for a certain period and then drying them in an oven at 80°C to constant weight.
The FRCCs were prepared by mixing PVA fiber, cement, river sand and water in a JJ-5 cement mortar mixer (Wuxi Building Materials Instrument Factory, China). The cement/sand ratio was 1:1.5, the cement/water ratio was 1:0.4 by weight and the fiber content in the cement mortar mixer was 4.55 kg/m 3 . The compositions of the mortar were mixed as follows: the cement and water were first added to the mixer and mixed for 1 min at a slow speed; then the sand with or without fibers was added and mixed for another minute at the same speed; finally, the mixture was quickly mixed for 30 s. The 160 × 50 × 10-mm cement prismatic beams used for the testing of mechanical properties were first molded in a steel mold for 24 h at room temperature. The stripping specimens were stored in saturated lime water for 7 days and then cured in air at room temperature and humidity for 20 days.
Characterization
The dispersion coefficient (β) of PVA fibers in FRCCs was characterized by the fresh mixture (FM) method [20, 21] .
The flexural properties of cement prismatic beams with and without fiber reinforcement were tested by using a digital closed-loop hydraulic universal testing machine (Reger, L-10, Shenzhen, China). The span length was 100 mm. The crosshead speed was 0.5 mm/min. The toughness indices of the specimens were obtained based on the area under the load-deflection curve. Three prismatic beams were tested for average of the flexural properties.
The contact angles of the fibers were tested by using a wetting balance method based on the Wilhemy principle [22] [23] [24] . A schematic diagram of the wetting balance testing device based on Ref. [24] is shown in Figure 1 . It should be noted that, in order to precisely control the quantitative change of water surface, the pulley systems in Ref. [24] were replaced by an infusion switch. The length of the fibers stretched by clamps and embedded water was 2 and 0.5 mm, respectively. So, the contact angles of the fibers were calculated as follows:
where S(χ) is the standard deviation, Ψ(x) is the variation coefficient, χ i is the content of PVA fiber (g/100 g, cement mortar), x is the average fiber content of the mixture (g/100 g, cement mortar) and n is the number of samples. If the fibers uniformly disperse in the matrix, x i is the same and β = 1; if the fibers are all in one sample, β = 0. Therefore, under normal conditions, β varies from 0 to 1, and the higher the value of β, the better the dispersion of the fibers.
The dispersion coefficient (β) of PVA fibers in cement mortar is shown in Table 1 . Clearly, treated fibers had a higher β value than untreated fibers, indicating that surface modification could efficiently improve the dispersion of PVA fibers in cement mortar. And the scanning electron micrographs of the fracture of FRCCs (Figure 2 ) directly showed that the untreated PVA fibers were almost dispersed as bundles in cement mortar, while the treated PVA fibers were mainly dispersed as a single fiber. The poor dispersion of untreated fibers may be attributed to their large surface area and to the strong surface hydrogen bonds between the adjacent hydroxyl groups of PVA molecular chains, which accelerated the aggregation of the fibers.
Surface structure of modified PVA fiber
The surface tension of a fiber affects the fiber dispersion and is directly related to its contact angle with water. The contact angles of PVA fibers with water obtained by Equation 1 are shown in Table 2 . As can be seen in the table, both the advancing and the receding contact angles of treated fibers were lower than those of untreated fibers, indicating that the surface tension of treated fibers was lower than that of untreated fibers. The reduced surface where m is the balance readings (mg), P is the contact perimeter between fiber and water (cm), γ LV is the surface tension of water (72.6 × 10 -5 N/cm), θ is the surface contact angle between fiber and water (°), d f is the diameter of the fiber (μm) and n is the number of fibers on the clamps.
The morphology of fibers and the fracture surfaces of FRCCs were observed by scanning electron microscopy (SEM; INSPECT F, FEI, The Netherlands). For SEM characterization, the specimens were dried at 60°C and gold coated.
FTIR spectra of the fibers were recorded on a Nicolet 6700 spectrophotometer (Thermo, USA). The attenuated total reflectance method with a ZnSe prism was used. At least 32 scans were performed for each measurement.
Cross-polarization magic angle spinning (CP/MAS) 13 C NMR measurements were performed at room temperature on a Bruker av400 solid-state NMR spectrometer (Bruker, Switzerland) operating at a static magnetic field of 4.7 T. The fibers were dried at 50°C for 24 h in a vacuum before the test.
Result and discussion
Dispersion of PVA fibers in FRCCs
The enhanced mechanical properties of FRCCs mainly depend on the dispersion of the filled fibers. The fiber dispersion in FRCCs is usually observed by immersing the fibers into an aqueous solution in a glass beaker, but it cannot reflect the real dispersion of the fibers in fresh cement mortar and in hardened FRCCs. SEM is another way to intuitively and accurately see the fiber dispersion, but it cannot reflect the macroscopical dispersion of the fibers. The FM method is a quick and simple method, but it cannot reveal either the uniform distribution of fiber bundles in the matrix and is influenced by the sample number and weight. Up to now, no method can precisely and comprehensively estimate the fiber dispersion alone. Accordingly, in this paper, we combined the FM method and the SEM method to estimate the fiber dispersion in cement mortar.
According to the FM method [20, 21] , the content of PVA fibers per 100 g of cement mortar was obtained by taking 200 g of a mixture from six different positions of fiber-filled cement mortar and then separating the fibers from the cement mortar by 70 mesh sieves in large quantities of water, drying the fibers, weighing and calculating. The dispersion coefficient (β) of PVA fibers in cement mortar was obtained by the following equations. tension of PVA fibers may be attributed to the changes in the surface structure of the modified fibers. According to the dispersion thermodynamics principle, the Gibbs free energy during the dispersion process in the solid-liquid decentralized system can be calculated as follows [25] :
where ΔG is the Gibbs free energy, γ is the surface tension between solid and liquid, ΔA is the solid surface increment, T is the environmental temperature and ΔS is the entropy variation of the system. As well known, the lesser the ΔG, the easier and the better the dispersion of the fibers. The reduced surface tension of treated PVA fibers depresses the ΔG of the dispersion system, which is beneficial to the dispersion of PVA fibers in mortar.
Interactions between PVA fibers and modifier
FTIR spectroscopy is a particularly successful technique for studying the interactions between polymer and solvent. The FTIR spectra of the modifier and PVA fibers are shown in Figure 3 , and the relative vibration bands are listed in Table 3 . As can be seen in the figure, PVA fiber had a broad band centered at 3318 cm -1 ( Figure 3B ), which can be attributed to the stretching vibration of ( Figure 3A ) was much smaller. Compared with untreated PVA fiber, the hydroxyl stretching band of treated fiber ( Figure 3C ) shifted to higher wavenumbers, indicating that the inter-or intramolecular hydrogen bonds between two adjacent hydroxyl groups of PVA were weakened and new interactions between PVA and the (-CH 2 CH 2 O) of the surface modifier were formed.
surface modification did not change the position of each peak, but varied its intensity. After the modification, the relative intensity ratio of resonance lines I, II and III of the PVA fiber deviated from 1:2.59:1.70 for the untreated fiber to 1:2.73:1.83, while the integrated fractions of lines I, II and III obtained from the computer lineshape analysis for the CH resonance lines changed from 0.34, 0.46 and 0.20 to 0.14, 0.55 and 0.31, respectively. The increased intensity and integrated fraction of line III indicated that more intermolecular hydrogen bonds between the PVA fiber and the surface modifier formed, in accordance with the results of the FTIR spectroscopy. Accordingly, the modification mechanism of the surface modifier on PVA fiber could be suggested as follows: the hydrophilic groups of polyoxyethylene ether first associated with some hydroxyl groups on the surface of PVA fibers through the hydrogen bonds, while its hydrophobic groups were extended away from the surface of the fiber, thus reducing the formation of intermolecular hydrogen bonds between the adjacent hydroxyl groups of PVA fibers and increasing the chance of the formation of interactions between PVA fibers and other materials. In this way, the contact angle, the surface tension as well as the Gibbs free energy of the fibers are decreased, leading to the increase in the hydrogen bonds of PVA fibers and cement, and also to the improvement in the dispersion of PVA fiber in mortar.
Mechanical properties of FRCCs
The mechanical properties and the stress-strain curves of FRCCs are shown in Table 4 and Figure 6 , respectively. Obviously, the flexure strength, bending modulus and area under the curve of FRCCs were all improved by the PVA fibers, especially the FRCCs with treated fibers, whose flexure strength, bending modulus and area under the curve were increased by 23.6%, 26.3% and 217.2%, respectively, compared to those of the plain sample. The remarkable increase in the area under the stress-strain curve confirmed the high toughening efficiency of the treated PVA fibers on FRCCs. Figure 7 shows the SEM photos of the fractured surfaces of FRCCs. Apparently, untreated fibers kept their original circular shape, but the surface became rough and some short fibrils formed, which can be attributed to the interactions between the PVA fiber and the matrix ( Figure 7A ). However, these interactions were not strong enough, so the fibers tended to neatly fracture rather than pullout. In contrast, the treated fibers were almost split into a bundle of long fibrils ( Figure 7B ), indicating the The peaks situated at 1092 and 1142 cm -1 , respectively corresponding to the stretching vibrations of (C-O) in the amorphous phase and crystalline phase, were different bands to illustrate the interactions between modifiers and PVA. Apparently, the position of the peak at 1142 cm -1 did not change after modification, but the peak at 1092 cm -1 shifted to 1100 cm -1 , increasing by 8 cm -1 , further confirming that new hydrogen bonds indeed formed between the PVA fiber and the modifier, but these interactions only existed in the amorphous phase on the surface of the fiber, which can be ascribed to the large molecular volume of the modifier. Figure 4 shows the 100-MHz CP/MAS 13 C NMR spectra of PVA fibers measured at room temperature. The spectra revealed four peaks, i.e. the chemical shift peak of CH 2 carbon at 44.4 ppm and the triplet peaks of CHOH carbon at 64.3 (III), 70.2 (II) and 76.1 (I) ppm, respectively. According to the work of Horii et al. [26] and Terao et al. [27] , the triplet peaks I, II and III, respectively corresponded to the central CHOH carbons forming two, one and zero intramolecular hydrogen bonds with the neighboring OH groups, as shown in Figure 5 . So CHOH carbon III was the one most likely to form intermolecular hydrogen bonds with the nearest chains. As can be seen in Figure 4 , the higher interactions between modified fibers and cement mortar. It should be noted that treated fibers were almost dispersed in the matrix as a single fiber, meaning that each fiber could make full contact with the matrix and bonded more strongly than the untreated fibers, which were dispersed as bundles. This two effects of treated fibers consequently resulted in their high friction with cement mortar. The ductile fracture of treated PVA fibers implied a superior energy absorption capacity, leading to A B 
Conclusion
Short fibers are usually used in cement-based materials to improve their structure and functionality. However, dispersion of the fibers, which is influenced by the mixing process, water/cement ratio, dosage of the fiber, aspect ratio of the fiber, properties of the fiber, composition of the cement, etc., is still a challenge. In this paper, in order to improve the dispersion of PVA fibers in cement mortar, non-ionic polyoxyethylene ether was used to modify the surface of PVA fibers. Studies on the dispersion and fracture mechanism of modified PVA fibers in cement mortar showed that polyoxyethylene ether could weaken the surface hydrogen bonds between the adjacent hydroxyl groups of PVA fibers to some extent by forming new hydrogen bonds, thus decreasing the contact angle of PVA fibers with water, reducing their association and improving their dispersion in the matrix. After the modification, the dispersion coefficient of the fibers increased from 0.85 to 0.95, and the fibers were dispersed in the matrix as a single fiber. The good dispersion and strong interactions between modified PVA fibers and cement mortar endowed the fibers in the matrix with superior energy absorption capacity. The fibers showed a ductile fracture and increased the flexural strength, bending modulus and toughness of FRCCs.
